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ABSTRACT Slices of kidney cortex of two species of hibernating mammals 
(hamsters and ground squirrels) have been leached of K, and their subsequent 
ability to reaccumulate K in vitro has been determined at temperatures be-
tween 38° and 0°C. At 5°C (body temperature of a hibernating mammal) 
uptake is appreciable in kidney cortex of both species. In the kidney cortex of 
hamsters, for example, the tissue K of slices incubated at 5°C reaches the same 
steady-state concentration after 2 hours that is observed in slices at 38°C after 
20 minutes. At 0°C there is also a measurable uptake. This K transport is 
blocked by metabolic inhibitors and, in ground squirrel kidneys, by ouabain. 
In kidney cortex slices from guinea pigs net K accumulation is slight at 5°C 
and absent at 0°C. The initial rapid uptake of K at 38°C occurs at the same 
rate in kidney cortex slices of hamsters as in those of rabbits. Lowering the 
temperature of incubation decreases this initial rate of uptake in hamster kid-
ney slices with a Q40 of 1.8 between 38° and 15° and of 5.7 between 15° and 
0°C. In hamsters this uptake of K has been shown to require the outward ex-
trusion of Na. Conversely, about half of the outward extrusion of Na requires 
K in the medium, while the remainder appears to be independent of K. The 
conclusions warranted are that kidney cells of hibernators possess an unusual 
ability to transport ions at low temperature, that this ability does not depend 
upon a more rapid rate at higher temperatures, and that the characteristics of 
transport at low temperature are qualitatively similar to those at 38 °C in cells 
of nonhibernators. 
Recent studies have demonstrated resistance of membrane function to cold 
in several tissues of hibernating mammals. Thus, in hamsters or ground 
squirrels excitability of nerves (Chatfield et al., 1948; Kehl and Morrison, 
1960) and cardiac muscle (see Marshall and Willis, 1962) is maintained at 
low temperatures, the resting membrane potential of atrial fibers is virtually 
unchanged by temperature between 31° and 5°C (Marshall and Willis, 
1962), neuromuscular transmission of phrenic nerve diaphragm preparation 
persists to 5°C (South, 1961), and a relative resistance to cold swelling exists 
in skeletal muscle (Willis, 1962). A preliminary investigation has also re-
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vealed that, in contrast to the performance of slices of kidney cortex from 
nonhibernating mammals, incubated slices of the same tissue from hamsters 
and ground squirrels can establish and maintain gradients of K and Na at 
5°C (Willis, 19646). Determination of the extent to which metabolically 
dependent cation transport is responsible for this resistance is crucial not only 
for analysis of cold tolerance in hibernator tissues, but also for a more com-
plete understanding of the failure of that activity in tissues of nonhibernating 
mammals. 
The present study was undertaken to determine the rate and total amount 
of net K accumulation which can occur at various temperatures in renal 
cortex slices of hamsters and ground squirrels. In addition to characterizing 
the persistence in this tissue of both K uptake and Na extrusion at low tem-
peratures, the results also have shown that the slower rates of both active 
and passive movements caused by cold permit an examination of the inter-
dependence of the transport of these two cations. 
METHODS 
Preparation of Tissues Adult hamsters (Mesocricetus auratus), ground squirrels 
(Citellus tridecemlineatus), guinea pigs, or rabbits were stunned by a blow on the head 
and bled from the neck. The kidneys were removed through a midline incision. 
Slices of kidney cortex were made freehand with a razor blade (Deutsch, 1936) and 
were placed temporarily in a Petri dish containing a "leaching" or preincubation 
medium. The outermost slice was rejected because in kidney cortex of guinea pigs 
it contains more K and less Na than inner slices (Whittam and Davies, 1953). 
Leaching In slices of kidney cortex of hamsters and ground squirrels incubated 
at 5°G, metabolic inhibitors do not cause a fall in tissue K concentration as at 38°C 
(Willis, 19646). Therefore, to obtain a constant minimal value of tissue K concen-
tration against which K uptake could be compared at various temperatures, it was 
necessary to leach K from slices before they were incubated. Leaching of slices was 
achieved by placing them in a 250 ml conical flask with 50 ml of K-free, glucose-free 
medium, prewarmed to 38°C and containing NaCl, 143 mM; CaCl2, 3 mM; MgS04, 
1.5 MM; and sodium phosphate buffer (pH 7.4), 3 MM. The flask was flushed with 
nitrogen gas, corked, and placed in a shaking bath at 38 °C for 12 minutes. After this 
period of precincubation the K concentration of slices made from hamster kidney 
cortex was 121 juEq/g dry weight, which value may be compared with the in vivo 
concentration of 339 (Willis, 1964a) and with the minimal concentration of 120 in 
slices incubated at 38°C for 1 hour with metabolic inhibitors (Willis, 19646). 
When leaching of both Na and K from the slices was desired, a leaching medium 
was used in which choline chloride replaced NaCl and in which potassium phosphate 
buffer replaced sodium phosphate. 
After leaching, pairs of slices (about 50 mg) were transferred to Warburg flasks 
containing 4 ml of a standard incubation medium in which they were incubated for 
set times at various temperatures. In experiments requiring carefully timed short 
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beaker, in which they continued to be shaken at 38°G while pairs of slices were re-
moved at 30 second intervals and placed in their respective Warburg flasks. In these 
cases the leaching period could have been as long as 16 minutes for the slices removed 
last. This random extension of leaching time had no apparent effects on the subse-
quently measured properties of transport. 
Incubation The standard incubation medium contained NaCl, 143 MM, as its 
principal constituent, and also CaC12, 3 MM; MgS04, 1.5 MM; potassium phosphate 
buffer, 3 MM, providing 5.5 MM K ion and pH 7.4; and glucose, 10 MM. (Hereinafter, 
media containing K and glucose are referred to as "complete media" whether or not 
they also contain Na.) Flasks incubated at 38°C were gassed with 100% oxygen. 
For experiments in which sodium-free medium was desired, choline chloride was 
substituted for NaCl, and for those in which potassium-free medium was desired, 
sodium phosphate buffer was used instead of potassium phosphate buffer. 
During incubation Warburg flasks were shaken at a rate of 120 strokes per minute 
in an Aminco Warburg bath (38° and 25°C), a GME refrigerated bath (38°, 25°, 
15°, and 5°C), or a Lab-Line modified Dubnoff shaker bath (38°C). Incubation at 
0°C was accomplished by immersing flasks in crushed ice contained in an insulated 
bucket which in turn was placed on the shaker platform of the Dubnoff bath. For 
long term incubations at 38° and 25°C, flasks were kept at room temperature prior 
to incubation, and for those at lower temperatures the medium in the flasks was pre-
cooled by placing the flasks in crushed ice. For closely timed periods of incubation 
the flasks were equilibrated at the test temperature before the slices were placed in 
them. 
Analytical Methods After incubation, slices were removed from the flasks, 
blotted on hardened filter paper (Whatman no. 54), rapidly weighed on a micro-
torsion balance to obtain wet weight, placed in a tared tissue beaker, and then dried 
overnight at 105°C to obtain dry weight. 
Potassium and sodium contents were determined by use of an internal standard 
flame photometer (Baird Associates) on samples of tissue which had been digested in 
concentrated nitric acid (Whittam and Davies, 1953). For those samples whose chlo-
ride content was also measured, digestion was carried out in 5 ml of 0.1 N HN03 con-
tained in sealed test tubes to prevent loss of volatile chloride compounds (Leaf, 1956). 
Chloride content of these digested samples was determined by potentiometric titra-
tion with AgN03 (Sanderson, 1952) with a Radiometer automatic titrator and Titri-
graph recorder. 
Expression of Results The term "K uptake" used in the text and figures refers 
to the difference between the mean initial tissue K concentration and the mean value 
after the stated period of incubation for a set of experiments. The standard errors 
shown in the figures indicate the variation in absolute tissue K concentration for 
each interval. "Initial rate of K uptake" was based on the time required for slices 
to achieve a K concentration 30 /xEq/g dry weight greater than the initial value. In 
the computation of this rate, allowance was made for the approximately 7 ^Eq/g 
increase which would result from the diffusion of K from the medium (with 5.5 mM 
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RESULTS 
Uptake of K at Low Temperature in Kidney Cortex of Hibernators 
Awake Hamsters During 1 hour of incubation after leaching, the tissue K 
concentration of slices of kidney cortex of hamster rose from an initial value of 
121 juEq/g dry weight to 240 at 38°C and to 207 at 5°C (Table I). Even at 
0°C a slight reaccumulation was evident. Slices incubated with a combina-
tion of 0.2 mM dinitrophenol, an inhibitor of oxidative phosphorylation, and 
TABLE I 
POTASSIUM CONTENT OF KIDNEY CORTEX SLICES BEFORE AND AFTER 
INCUBATION FOR 1 HOUR AT 38°, 5°, AND 0°C 
Values represent the means ± standard error. Figures in parentheses in-
dicate the number of cases in each group. Presence or absence of metabolic 
inhibitors (dinitrophenol, 0.2 MM, + iodoacetate, 1.0 MM) is indicated by + 
or 0, respectively. 
Species, condition 
Inhibitor 
during 
incubation 
Tissue K concentration (jxEq/g dry wt) 
After incubation at 
Before incubation* 38°C 5°C  0°c 
Hamster, awake (6-23)  0  121±3  240±5  207±5  164±3 
+  118±5  130±9  136±4 
Hamster, hibernating (6-11)  0  125±5  263±7  233±10  159±12 
+  119±5  139±3  — 
Ground squirrel, awake (5)  0  105±13  201 ±11  170±14  — 
+  98±4  119±11  — 
+t  83±9  132 ±8  — 
Guinea pig (9)  0  124±4  220±7  142±4  115±5 
+  99±4  125±5  — 
* After leaching for 12 minutes in a K-free, glucose-free, oxygen-free medium. 
J Ouabain, 125 fiM. 
1.0 mM iodoacetate, a glycolytic inhibitor, were unable to reaccumulate K to 
any significant extent at either 38° or 5°C. 
Hibernating Hamsters The concentration of K in renal cortex of living 
hamsters increases by 30% during hibernation (Willis, 1964a). To determine 
whether a greater uptake of K would occur in vitro at low temperature in 
kidney cortex of hamsters in hibernation, slices of kidneys of hibernating ham-
sters (body temperature 7°C or less) were leached and incubated as before. 
After 1 hour of incubation the average tissue K concentration of these slices 
was slightiy higher than that of slices from awake hamsters, but the difference 1225  J. S. WILLIS Ion Transport in Hibernator Kidneys 
between the two was only possibly significant (P < 0.02). At 0°C K uptake 
was no greater than in kidney cortex of awake hamsters (Table I). 
Ground Squirrels After an initial period of leaching, renal cortical slices 
of ground squirrels were capable of accumulating in an hour about two-
thirds as much K at 5° as at 38 °C. In kidney cells of this species, unlike those 
of hamsters (Willis, 19646), K uptake is totally inhibited by 125 fiu. ouabain 
at both 38° and 5°G as well as by metabolic inhibitors (Table I). 
Guniea Pigs The results with kidney cortex slices of the two species of 
hibernators may be compared with those obtained with kidney cortex slices 
of guinea pigs, which are nonhibernating rodents (Table I). In the latter tis-
sue during 1 hour of incubation at 5°C there was a slight but statistically 
significant (P < 0.01) uptake of K equal to about one-sixth of that in the 
kidney cortex of hamsters. As previously observed by several investigators 
(Mudge, 1951; Whittam and Davies, 1953), no net uptake of K could be de-
tected in 1 hour at 0°C. 
Time Course of K Uptake in Hamster Kidney Cortex The effects of tempera-
ture on the time course of K uptake were determined by incubating slices at 
various temperatures and removing pairs of slices at timed intervals (Fig. 1). 
Two principal findings arise from the results of these experiments. First, the 
rapid initial rate of uptake was greatly diminished by decreases in tempera-
ture, but this early phase also lasted much longer at the lower temperatures 
(Fig. 1 B). The relative effects of temperature on the initial rate of uptake 
are summarized in Fig. 2. The Q10 of K uptake was 1.8 between 38° and 15°, 
and it was 5.7 between 15° and 0°C. 
The second important observation regarding the time course of K uptake is 
that after 2 hours of incubation at 5 °C the tissue K concentration reached a 
maximum value (240) which approximated that achieved by slices at 38 °G in 
20 minutes (Fig. 1 A). Thus, the lower concentration noted after 1 hour of in-
cubation at 5°C (Table I) represents incomplete uptake and not a lower 
steady-state concentration. Among the temperatures tested, 15°C appeared 
optimal for net uptake. At this temperature a maximum tissue K concentration 
of 285 was attained after 70 minutes. 
Rate of K Uptake in Rabbit Kidney Cortex Sustained K uptake at low tem-
perature in kidney cortex of hibernators might reflect either less of a decrease 
at low temperature or more rapid transport at all temperatures than in kidney 
cortex of nonhibernators. To distinguish between these possibilities, slices of 
kidney cortex of rabbits were leached in Na-rich medium and incubated at 
38 °C, and the time course of K uptake was determined in the same way as in 
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virtually the same as that found in the hamster kidney slices (32 juEq/g/min), 
thus eliminating the first alternative posed above. 
This rate of uptake is considerably faster than that of 12 juEq/g/min pre-
viously observed by Whittam and Willis (1963) in rabbit kidney cortex. In 
TIME (minutes) 
FIGURE 1. A. Time course of K uptake in slices of hamster kidney cortex. Slices were 
leached in K-free, glucose-free leaching medium at 38 °C for 12 minutes prior to in-
cubation at various temperatures in a standard medium containing NaCl, 143 mM; 
CaC12, 3 mM; MgS04, 1.5 mM; potassium phosphate buffer, 3 mM (pH 7.4); and glucose, 
10 mM. Points represent means of 4 to 11 experiments, and the standard errors for points 
representing more than 6 experiments are shown. Because the K values of the "initial" 
slices varied somewhat among the several groups, the uptake is shown as net increase 
above the initial value in order to permit comparison of rates at different tempera-
tures. The initial value for each temperature was as follows: 0°C, 122 ± 3 /iEq/g dry 
weight (15 cases); 5°C, 110 ±3(9); 15°C, 99 ± 4 (8); 25°C, 110 ± 5 (6); 38°C, 119 (4). 
B. Early phase of K uptake. From the values shown in A, 7 juEq/g dry weight are 
subtracted to correct for simple contamination of the slice by K in the incubation me-
dium (see "Methods")• 
that study, slices were preincubated in a Na-free choline chloride medium 
before uptake of K was initiated by tipping Na into the medium, and the first 
timed sample was not withdrawn before 3 minutes. As shown in Fig. 3, how-
ever, leaching in a choline chloride medium causes less of a reduction in tissue 
K than does leaching in a Na medium, and during subsequent incubation in a 1227  J. S. WILLIS Ion Transport in Hibernator Kidneys 
complete medium there is a lag for the first minute before K begins to be re-
accumulated. Hence, the earlier results of Whittam and Willis (1963) are not 
comparable with those of the present study. 
FIGURE 2. Effect of temperature on the 
rate of K uptake in slices of hamster 
kidney cortex. Rate of uptake was com-
puted from the initial phase at each 
temperature (see Fig. 1 B). 
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FIGURE 3. Time course of K uptake in kidney cortex slices of rabbit at 38°C. One 
set of slices (open circles) was leached in a medium containing Na as the principal 
cation. The other set (closed circles) was leached in a medium whose principal cation 
was choline. Each point represents the mean of 3 experiments. 
Passive Leakage of K and Na at Low Temperature Experiments were per-
formed to estimate the extent to which K would be lost from slices with a high 
initial concentration of K in the absence of metabolically supported transport 
at low temperature. To minimize loss of K, slices of kidney cortex from ham-
sters and guinea pigs were placed briefly during slicing in an ice cold medium 
of choline chloride. They were immediately transferred thereafter to prechilled 
complete media in which they were then incubated at 5°G with or without 152 THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 49 • 1966 
dinitrophenol and iodoacetate. Immediately after slicing, the K concentration 
of slices treated in this manner was 277 in those of hamster kidney and 327 in 
those of guinea pig. In the incubated, control slices of kidney cortex of ham-
sters a slight recovery of K occurred, and in the slices incubated with inhibi-
tors the concentration fell by only 46 yuEq/g dry weight (Table II). In kidney 
cortex of guinea pigs the concentration fell by 150 in the poisoned slices and 
by virtually the same amount (138) in the unpoisoned slices (Table II). Since 
the inhibitors are totally effective in blocking uptake in leached slices at 5 °C, 
these results may signify that passive leakage of K from kidney cells of hamsters 
TABLE 11 
POTASSIUM CONTENT OF KIDNEY CORTEX SLICES RINSED 
BRIEFLY IN ICE COLD CHOLINE MEDIUM AND TRANSFERRED 
DIRECTLY TO INCUBATION MEDIA AT 5°C, IN WHICH THEY 
WERE THEN INCUBATED FOR 1 HOUR 
Species  Condition  Tissue K concentration 
flEq/g dry wt 
Hamster (6)  Before incubation*  277±6 
After incubation: 
in standard Na medium  294±5 
4־ inhibitors!  231 ±5 
in choline medium  266±6 
+ inhibitors  253±3 
Guinea pig (6)  Before incubation  327±7 
After incubation: 
in standard Na medium  189±11 
4־ inhibitors J  172±11 
4• ouabain, 5 jXM.  175±11 
in choline medium  199±15 
* After rinsing in ice cold choline medium. 
| Dinitrophenol, 0.2 mM, 4־ iodoacetate, 1.0 mM. 
is reduced at low temperature, and leakage from those of guinea pigs is less re-
duced. 
Such an experiment cannot indicate the species of ions whose decreased 
permeative ability might account for these results. Two coordinate observa-
tions, however, suggest that the membrane of kidney cells of hamster may be-
come less permeable to Na ions at 5 °C. The water content of the poisoned 
slices (81.4%) was not significantly greater (P > 0.05) than that of the initial 
slices (81.0%), and the Na content (456 ± 9) of these poisoned slices did not 
go above that of leached slices which had been incubated at 5 °G for 1 hour 
(492 ± 14 for the 22 experiments referred to in Table I). 
Similarly, slices of kidney cortex from hamsters transferred directly to a 1229  J. S. WILLIS Ion Transport in Hibernator Kidneys 
Na-free choline chloride medium neither swelled not lost appreciable amounts 
of K, while those from guinea pigs lost K to the same extent as in regular, Na-
rich medium (Table II). 
Interdependence of Cation Movements in Hamster Kidney Cortex 
Dependence of K Uptake on Na in Tissue Cells Whittam and Willis (1963) 
found that substitution of choline for Na in the incubation medium blocked K 
TABLE III 
POTASSIUM CONTENT OF KIDNEY CORTEX SLICES FROM 
HAMSTERS INCUBATED 1 HOUR IN SODIUM-FREE CHOLINE 
MEDIUM 
Means ± standard error are indicated. Numbers of 
cases for each experimental group are given in paren-
theses. 
Tissue K 
concentration  Condition 
llEq/g dry wt 
121±3 
109±2 
124±6 
194±8 
123±6 
Slices leached 12 min in Na-rich medium (5-16) 
Before incubation 
After incubation: 
at 38 °C 
4־ inhibitors* 
at 5°C 
+ inhibitors* 
A. 
B. Slices leached 12 min in Na-free choline medium (5-10) 
Before incubation 175±4 
After incubation: 
at 38 °C 109±5 
at 5°C 154±4 
C. Slices leached 40 min in Na-free choline medium (5) 
Before incubation 124±3 
After incubation: 
at 5°C 115±1 
+ inhibitors* 124±5 
* Dinitrophenol, 0.2 mM, + iodoacetate, 1.0 mM. 
transport in rabbit kidney cortex at 38° and 25 °G as effectively as 125 pM 
ouabain, and that tissue K after incubation was apparently governed by the 
Na concentration in the tissue. 
To establish whether K uptake in hamster kidney cortex exhibited similar 
Na dependence at 38
 0 and 5 °C, leached slices were incubated in a medium in 
which choline instead of Na was the principal cation. At 38°C (Table III, A) 
the same results were obtained in slices of hamster kidney as in those of rabbit: THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 49 • 1966 
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no K uptake occurred in Na-free choline medium. At 5°C, however, the in-
crease in tissue K concentration after 1 hour of incubation was almost as great 
(194) as in the ordinary Na-rich medium (207, Table I). Furthermore, this K 
uptake was blocked by metabolic inhibitors. 
This result seemed to indicate either that K uptake was independent of Na 
transport at 5°C or that it could be sustained by a slow outward extrusion of 
Na trapped within the cells at low temperature. The plausibility of the latter 
hypothesis arises from the facts that choline must penetrate the renal cell 
plasma membrane in order to replace Na (Maizels and Remington, 1958) and 
that the earlier results on passive loss of K (Table II) suggested that choline 
was less permeative at low temperature. To test the significance for K uptake 
of Na trapped within leached slices, other slices were leached in a Na-free 
choline medium for 12 minutes and then incubated in a complete medium 
which was also Na-free. After 12 minutes the tissue K concentration fell only to 
175 (Table III, B), but most of the Na was removed (to a concentration of 53). 
After 1 hour of incubation the tissue K concentration in these slices decreased 
to 154 at 5°C and to 109 at 38 °C (Table III, B). When slices were leached 
for 40 minutes in the choline medium, the tissue K concentration fell to 124, a 
value more comparable with that for slices leached in Na. From this level there 
was again no uptake of K during incubation in a complete medium (Table 
III, C). Thus, no net uptake of K could be accomplished in slices whose Na 
content had been reduced to a minimum. 
Rates of K and Na Transport at 5°C in Na-Free Media Slices whose cells 
had been loaded with Na by leaching in a medium with 140 mM Na accumu-
lated K from a Na-free choline medium (Fig. 4) at about the same initial rate 
(1.6 jitEq/g/min) as slices incubated in a Na-rich medium (Fig. 1). In the 
choline medium, however, there was a marked decrease in rate of K uptake 
after 30 minutes which was not apparent in slices incubated with Na. When 
slices were leached in a medium with 30 mM Na and 110 mM choline, the con-
centration of Na in their tissue water fell to approximately that of the medium 
(38 ± 2 mM). These slices subsequently accumulated K from the complete 
choline medium at a rate (0.8 fj, Eq/g/min) only half that of the slices which 
were preloaded with 140 mM Na (Fig. 4). In the slices prepared with 30 mM 
Na, uptake of K persisted for only 30 minutes, after which tissue concentration 
of K declined. The concentration of Na (68 ± 1 imi) in the tissue water of 
slices leached in 60 mM Na also approached that of the medium, and upon in-
cubation in complete choline medium the initial rate of K uptake of these 
slices was found to be equal to that of slices leached in 140 mM Na. Thus, it 
appeared that the initial rate of K uptake was governed solely by the starting 
concentration of Na within the cells, that a maximum rate was caused by a 
relatively low concentration, and that sustained uptake and retention of K 
were impaired by the absence of Na in the medium. 1231  J. S. WILLIS Ion Transport in Hibernator Kidneys 
The extrusion of Na into complete Na-free media could also be measured 
crudely by comparing the loss of Na from metabolically inhibited slices with 
that from control slices (Fig. 5). The time course of Na extrusion was roughly 
parallel to that of K uptake. In slices leached in 30 mM Na, for example, net 
K uptake and Na extrusion were both complete in 30 minutes, whereas in 
slices leached in 140 mM Na both processes continued during the full 2 hours of 
incubation (Fig. 5). 
FIGURE 4. K uptake by slices of hamster kidney cortex in Na-free choline medium at 
5°C after 12 minutes of leaching at 38 °C in a medium with 140 mM Na (open circles) 
or 30 mM Na (closed circles). Values represent the means and standard errors of 8 to 12 
determinations. The tissue K concentration (;uEq/g dry weight) of slices immediately 
after leaching in 30 mM Na was 117 ± 3 (27), and after leaching in 140 mM Na it was 
125 ± 3 (13). The concentration of Na in tissue water was 38 ± 2 mM and 138 ± 1 
mM after leaching in 30 mM and 140 mM Na, respectively. 
60 90 120 
TIME (minutes) 
FIGURE 5. Decrease in tissue Na concentration of slices of hamster kidney cortex treated 
as in Fig. 4. In the media with metabolic inhibitors (triangles) the concentration of 
dinitrophenol was 0.2 mM and of iodoacetate was 1.0 mM. The tissue Na concentration 
(juEq/g dry weight) of slices immediately after leaching in 30 mM Na was 171 ± 8 (12 
cases), and after leaching in 140 mM Na it was 644 ± 15 (18). 1232 THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 49 • 1966 
K Dependence of Na Transport Since it appeared that the rate and extent 
of K uptake depended upon the concentration of Na in the cells of kidney cor-
tex, the question arose whether in this tissue Na extrusion conversely required 
K in the medium. Slices were, therefore, incubated at 38 ° and 5 °C in standard 
Na media, both with the usual 5.5 mM K and with K omitted or replaced by 
choline. The results of these experiments, given in Table IV, indicated that 
during 1 hour of incubation absence of K in the medium retarded the extrusion 
of Na from Na-loaded slices by 43% at 38° and by 66% at 5°C. 
To estimate more precisely the effect of omission of K from the medium on 
the extrusion of Na from hamster renal cells at low temperature, use was made 
of the earlier observation that measurable, metabolically dependent extrusion 
TABLE IV 
SODIUM CONTENT OF KIDNEY CORTEX SLICES FROM HAM-
STERS AFTER LEACHING IN POTASSIUM-FREE, SODIUM-RICH 
MEDIUM AT 38°C AND AFTER INCUBATION FOR 1 HOUR 
IN MEDIA WITH OR WITHOUT 5.5 MM POTASSIUM AND CON-
TAINING CALCIUM, GLUCOSE, MAGNESIUM, SODIUM, AND 
CHLORIDE 
Temperature of 
incubation  Condition  No. of cases 
Tissue Na 
concentration 
\lEqjg dry wt 
38 °C  Before incubation  19  675±12 
After incubation: 
in medium with 5.5 mM K  10  346±15 
in medium with no K  16  455±14 
5°C  Before incubation  22  662±12 
After incubation: 
in medium with 5.5 mM K  14  484±13 
in medium with no K  21  590±12 
of Na into a choline medium occurs at 5 °C. In such a system nearly all the 
tissue Na would be within the cells after the initial phase of washout, rather 
than in the extracellular compartment, and changes in tissue concentration 
would, therefore, reflect primarily changes in cellular concentration. Slices 
were incubated at 5°C in a choline chloride medium in which sodium phos-
phate buffer was substituted for potassium phosphate buffer. 
After 1 hour, extrusion of Na from slices in the K-free medium was only 
52% of that from slices incubated with K. The passive loss of Na from slices 
treated with dinitrophenol and iodoacetate was the same in K-free medium as 
in the medium containing 5.5 mM K (Fig. 6 A). 
The difference between the metabolically dependent rates of extrusion with 
and without K may be taken as that part of net Na transport which requires K 
in the external medium. This difference in rates may then be compared, as in 1233  J. S. WILLIS Ion Transport in Hibernator Kidneys 
Fig. 6 B, with the Na-dependent K uptake (taken from Fig. 4). From the 
striking correspondence between the two the inference may be drawn that at 
least during the first hour of incubation the rates of mutually dependent trans-
port of the two ions are equal. 
,־ ^ !גנ  ע! z a. 
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FIGURE 6. A. Decrease in tissue Na concentration of hamster kidney slices leached in 
medium containing 140 mM Na and incubated in Na-free choline medium at 5°C with 
(a) and without (b) 5.5 mM K. Curve c shows the loss of Na in slices incubated with 0.2 
mM dinitrophenol and 1.0 mM iodoacetate (open triangles, with 5.5 mM K; closed tri-
angles, with K-free medium). Points for slices in media with 5.5 mM K are taken from 
Fig. 5. Means of 3 to 6 experiments are represented, and standard errors are shown for 
means of 6 determinations. 
B. Comparison of Na-dependent K uptake (open circles; taken from Fig. 5) and 
K-dependent Na extrusion (closed circles; difference between curves a and b in Fig. 
6, A) of kidney slices incubated in choline media at 5°C. The solid line was drawn by 
eye to connect the points for Na. 
Changes in Chloride and Water Content at 5°C 
The finding that only a fraction of Na extrusion was associated with K uptake 
raised the question whether the movement of another ion such as chloride 
(Whittembury, 1965) was associated with the remaining K-insensitive frac-
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TABLE V 
COMPARISON OF CHANGES IN SODIUM, POTASSIUM, CHLORIDE, AND WATER 
CONTENT OF KIDNEY CORTEX SLICES INCUBATED IN SODIUM AND 
CHOLINE MEDIA AT 5°C FOR 1 HOUR 
Slices were leached for 12 minutes in K-free Na medium at 38°C before in-
cubation. The changes in slices incubated in choline media are related to 
concentrations of metabolically inhibited slices because a large fraction of 
tissue Na is washed out within the first 5 minutes (see Fig. 6, A). 
A. Slices incubated in standard Na medium (means of 3 experiments) 
After incubation 
After leaching With K Without K 
Tissue contents 
K OttEq/g dry wt) 117 205 111 
Na (/iEq/g dry wt) 717 510 602 
CI OxEq/g dry wt) 496 384 427 
HaO (g/g dry wt) 4.97 4.07 4.35 
Changes during incubation (same units 
as above) 
K — +88 -6 
Na — -207 -115 
CI — -112 -69 
H20 — -0.90 -0.62 
Ratios of changes 
ACI/AH2O — 124 111 
ANa/ACl — 1.8 1.7 
B. Slices incubated in Na-free choline medium (means of 6-12 experiments) 
to  to  to 
Inhibitors: 0 +  0  + 
K in medium: 5.5 mM  5.5 mM  —  — 
Tissue contents 
K (MEq/g dry wt) 182 139 — — 
Na QuEq/g dry wt) 159 281 225 298 
CI (/iEq/g dry wt) 329 410 337 389 
H20 (g/g dry wt) 4.16 4.75 4.02 4.57 
Differences between inhibited and con- (0 — b) (c—d) 
trol slices (same units as above) 
K +43 — — — 
Na -122 — -73 — 
CI -81 — -52 — 
H20 -0.59 — -0.55 — 
Ratios of differences 
AC1/AH20 137 95 
ANa/ACl 1.5 1.4 1235  J. S. WILLIS Ion Transport in Hibernator Kidneys 
interest because of the hypothesis (Leaf, 1956) that swelling of cells during 
metabolic inhibition is a consequence of passive inward diffusion of Na and CI. 
Tissue CI concentration and water content of slices before and after incuba-
tion at 5°C in both Na-rich media and Na-free choline chloride media are 
shown in Table V. The extrusion of Na into Na-rich medium containing K 
was entirely balanced by an increase in tissue K concentration and a decrease 
in tissue CI concentration. The loss of CI during incubation in K-free, Na-rich 
medium, however, was only two-thirds as great as that of Na. The ratio of Na 
to CI extruded was the same in both conditions (1.8). 
Using the indirect method for determining Na extrusion based on the differ-
ence in concentration of poisoned and unpoisoned slices, one can make the 
same comparisons of ionic concentrations in slices incubated in choline media 
with and without K. Virtually the same results are obtained from such com-
parisons in slices incubated in choline as in those incubated in Na-rich media. 
Thus, Na extrusion is not balanced by CI loss alone in the absence of external 
K, and the Na/Cl ratio is the same (1.5) with and without K (Table V). 
At 5°C tissue hydration of slices decreased during incubation, and the 
amount of water lost from the slices was proportional to the decrease in tissue 
CI (Table V). The concentration of CI in the water lost from the slices incu-
bated in media with K was approximately the same as in the leaching and in-
cubation media (146 mM), and in these slices the loss of CI and water could 
thus be described as the loss of whole solution isotonic with the medium. 
Whether ,the same conclusion may be drawn regarding slices in K-free media 
is not clear. Although the C1/H20 ratio was somewhat lower in K-free media 
both with and without Na, this result might reflect a loss from the tissue of some 
other solute. 
DISCUSSION 
Study of cation transport in tissues of mammalian hibernators has two objec-
tives. First, the phenomenon of cold resistance is chiefly manifested in the 
form of continued membrane function, and such studies may, therfore, be ex-
pected to define the precise nature of this resistance. Secondly, except for the 
feature of cold resistance the physiology of tissues of mammalian hibernators is 
presumably similar to that of closely related mammals, so that their operation 
at low temperature can be utilized to reveal general properties which might 
not otherwise be accessible to experimentation. 
With regard to the question of cold resistance, the results of the present study 
indicate that although net transport of Na and K ions is diminished at low 
temperature in kidney cortex of hibernators, it still proceeds at 5°C at a rate 
sufficient to permit restitution and maintenance of a normal electrolyte steady 
state and to reverse swelling. Although there may be residual transport of K 
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Orloff, 1964), none so extensive as described here in hamsters and ground 
squirrels has previously been reported. 
Although changes in passive permeability cannot be specified at present, it 
is apparent that leakages of cations are more greatly reduced by low tempera-
ture in kidney cells of hamsters than in those of guinea pigs. Tentatively, there-
fore, resistance may be described as arising from appropriate alterations in 
both active and passive components of electrolyte exchange. The results of this 
study, however, can only be regarded as indicating the limits of potential per-
formance of both components. The actual balance of these factors in tissues 
which are in a steady state is yet to be established. 
The observation that maximum in vitro accumulation of K occurs at 15°C 
suggests that decrease in passive permeability begins to occur at temperatures 
well above 5 °C, which leads to a higher steady-state concentration of tissue 
K at these temperatures. Such an alteration in balance between passive and 
active fluxes as a result of lowering temperature has been observed for Na in 
human ascites tumor cells (Maizels et al., 1958). Since, in addition, maximal 
accumulation occurs at 25 °C in rabbits (Mudge, 1951), it may be inferred 
that the changes occurring in hamster tissues are not qualitatively unique but 
are merely adjusted to a lower temperature. Indeed, the results with guinea 
pig kidneys also indicate that even in a nonhibernating species, low tempera-
ture retards the loss of K (and gain of Na) in slices which are metabolically in-
hibited. 
Thus, it is the resistance of the active transport system that is the distinctive 
feature in hibernator tissues. As noted previously (Willis, 1962), analysis of re-
sistance in hibernator tissues necessarily requires concurrent consideration of 
failure in nonhibernator tissues. Failure of cation transport in renal cortical 
cells at low temperature has commonly been ascribed to a decrease in energy 
made available by metabolism. Consequently, resistance could consist in less 
temperature sensitivity of metabolism in hibernator kidney cortex, as found by 
Kayser (1954), or in greater reserves of high energy phosphates such as exist 
in myocardial tissue (Zimny, 1960). Alternatively, the molar energy require-
ment for transport might be less at low temperature in kidneys of hibernators, 
or a greater fraction of the cell's metabolic energy might be devoted to cation 
transport in these tissues. Kidney cortex is an excellent tissue for testing these 
possibilities because it expends a large and measurable fraction of oxygen con-
sumption upon cation transport (Whittam and Willis, 1963), and such an 
analysis is in progress. 
The finding that a part of the net Na extrusion is conversely dependent 
upon the presence of K in the medium confirms similar observations 
by Whittembury (1965) and extends them in showing that the K-dependent 
component of Na is extruded at the same rate at which K is reaccumulated. 
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the mere presence of another does not in itself indicate a coupling between the 
movements of the two ions such as might be provided by a cyclic carrier (Essig 
and Leaf, 1963). The close correspondence in the rates of the oppositely di-
rected movements of K and the relevant fraction of Na does, however, suggest 
that they may be coupled by some common biochemical link, as has been pro-
posed for red blood cells (Maizels, 1961), frog skin (Koefoed-Johnsen and 
Ussing, 1958), and squid giant axons (Hodgkin and Keynes, 1955). 
If the Na extruded independently of K in the medium were balanced elec-
trically by the loss of CI from the cells, one would expect that the total Na/Cl 
ratio would decrease in K-free medium (i.e. when only the Cl-related Na ex-
trusion would be in evidence), and that the ratio of K-independent Na ex-
trusion to CI extrusion would remain unchanged. On the contrary, however, 
the results show that in K-free medium the CI discharge decreases, so that the 
ratio of total Na to CI remains unchanged and the ratio of K-independent Na 
to CI is actually lower. Thus, both the nature of the association between Na 
and CI movements and the process by which electrolytic balance is main-
tained remain obscure. 
A major limitation of kidney cortex for use in studying cation transport is 
that it consists of a variety of cell types. When, therefore, a fractionation of an 
ionic flux is observed, as in the case of Na extrusion, it is not possible to de-
termine whether this represents, on the one hand, the divergence of two com-
ponents of activity within all the cells, or, on the other hand, the separate ac-
tivities of entirely different cell types. Despite this difficulty, further study of 
the K-independent fraction of Na extrusion must inevitably yield valuable in-
formation. If, for example, this fraction proves in kidney cells of other species 
to be ouabain insensitive, this finding may account for the anomalous results 
of Kleinzeller and Knotkova (1964), which demonstrated ouabain-insensitive 
extrusion of Na and reversal of swelling in kidney cortex slices of rabbits. If, 
on the contrary, this fraction is found to be sensitive to ouabain, revision might 
be required of the widely remarked current hypothesis (Charnock and Post, 
1963; Whittam et al., 1964) that ouabain inhibition depends primarily on its 
attachment to a K-specific site on the external surface of the cell membrane. 
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